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‘LOADED

TheteetsdescribedinthisreportconstitutethesecondPartof _.
‘aninvestigationofthestren@hendstiffnesscharacteristicsof
noncircularaluminumalloysectionsloadedtofail~eintorsion.

——

Thefirstpart(reference1)coveredte~tsofrectsm@arbarsof
severalproportionsandsquare,rectaqular,emdstreamlinetu.~irg~
WithintieelasticrangeItwasshownthattorsionalstiffnessend
maximumshearingstress,escouldbepredictedquiteclosely%ymeansof
existingformulas-’Firstyieltandultimatestrengths‘intorsionwere
showntobea functionofeitherthashearingpropertiesofthe

.-

materialortheshear-buckitigresistanceofthetubewalls.Approxi-
matemethodsofevaluatingthesestrengthsforrectan~~lartarsand
tubularsectionswereindicated.

. .
Thissecond”seriesoftorsiontestscoversa cruciformandan

I-sectionh which,asbefore, shearingstresses,wereofprincipal
importance.Inaddition,severalextrudedflangedmembersofI,Z,
andchannelsectionwereincludedInwhichsi~ificsmtlcmgitudinal
stresseswerealsodeveloped.Longitudinalstressesresulteitherfr’cm
restraintofthewarptigwhichtendstooccurin.noncircularmembersm
sectionsnomimltotheaxisoftwistorfromtheunequaistrainingunder
lergeanglesoftwistoffibersatdifferentdietancesfromthecenter
ofrotation.Thecombinationofshearingstresseswithlongifutti-l
stressesfromtwosouxces,oneofwhichisnotlinearwithtorque,
obviouslycomplicatesanyanalysisoftorsionalbehmiorforlarge
anglesoft~,-istorforloadsuptofailure.Althou>ulti~~ stre~th
dataforsomeofthespecimenstestedareprobablyofmoreacademic
thanpracticalint%restbecauseof.thelarCedeformationsrequiredto
producefailure,a studyofthebehayiorobservedshouldbehelpfulin
formulatinga betterunde.rst&ndingofthe’generaltorsionproblemfor
noncircularseotlonsad inevaluatingthere~tive.importanceofsome
oftiefactcrsinvolved.



Methodsofcomputing
orflangedsectionsunder
(Seereferences2 toy.)
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atitmssesandrotationsin coqfosite rectangular\
tmrquemaybeobtainedfromnumerousGourceG. ‘“ w
Forstipletarsj-onwithnorestraintofcross:

6ectionalwarpingandsmallanglesoftwist,theproblem1soneofdeter-
mininguuitablestiffnessanfistressfactorsforsubstitutioninthe
ordinarytorsionformulas.(SeetableII.) Mathematicalamlysis
auyplementedbyexyerimenlmd.applicationofthemembraneanalogyhasbeen
usedindetermining-thesefactorsandconsequentlysomedifferencesexist
Intheworkofvariousinvestigators.

Ifwarpingofcrosssectionsncmmal.tothe8x18oftwist--j-srestrained!
theproblemiscomplicatedbythefactthatthelongitudinalstresses
developodcarrya p~rld.onofthetorqueandanen.alysistithebasisof
simpletorsionaloneisnotadequate.ForI-sectionstheeff%ctofthe
longitudinalstre~sesisanalogoustothatproducedbylateral.bendlwof
theflangesintheirownplanes,andthisEIhu.ihri.~hasbeenusedasa
basisfortheformulaa@.ven.2nreferences2,:3,and-4. In the caseof
ohanneiorZ-sections,however,longitudinalstreesesareyroducedIn
thewebsa~wellasinthoflomges,andthelateralbendingapproach
doesnotleadtoa completesolutionofthestmmsproblem.Reference5
presentsformuhsforlongitudinalstressesendtwistsinopensections,
basedupon~mlysesgiveninreferences8 to11,sm.dgivesthenecessary
stiffnessandstresscoaffj,ci.entsfortheI-,Z,andchannelsections
usedinthesetests.(Seetables111and.IV.)

Inthinopensections,hawinglittletorsionalstiffness,large
anglesoftwistwiU alsoresultinlongitudinal.stresses.~ese
stresses,however,area functionofthedistancefmm theoenterof
rotationandthe~le oftwist(reference2)andconsequentlyham a
differentdistributionoverthecrosssectionthanthosecausedbyre-
stratntofwarping.Theyrecmitfromthefactthattheoutermostfibers
mustbestretchedtot~e a helicalpatharoundtheHis oftwist;
whereasthefibersatthecenterhavenosuchtendencytoch~e length.
Thesummationofthesolongitudinalstressesonanycrosssectionmust
lezero,thetensionsintheoutsidefibersbeingbalancedbycompressions
atthecenteroftwist,

OBJECT

Theobjectofthesetestswastodeterminethebehaviorofcomposite
rectangularorflangedaluminumQoy sectionsundertorsionloadings
tofailureandtocompare,asfsx aspossible,thestressesandrota-
tionsobserwdwtththosecomputed’byavailablenu%hads.

*.

II

2



.—

NACATNNO.1097

SPECIMENS
/

ThssketchesincludedintableIIshowthecross-section@&inmn:
sionsofthgtestspecimens.Tilecrucifonmsectionwaemachinedfrom
3/4--IV 3/!-inchrolled24S-Ther;the 1“~-inch~eepI-sec.tionwas
machinedfrcm3/4-byi~inchrolled2&S-Tbar. Figure6 showsthese
specimensafterfailure.Themachinedtestsectionwas16incheslong
inbothcases,theover-alllength28inches.

The2~-fichdeepI-sectionswereextrusions(DieNo.K-900~)ofan
experimentalhigh-strengthalloyX7kS-T.Thechannelsectionswere
obtainedbymachiningdownthefxangesofoneoftheseI-sections.
TheZ-sectionswereobtainedbymachiningdowntheflangesofanex-
trudedI-sectionof24S-T.Over-alllengthsofthesespecimensranged
from14to44inches.

Table1 givesa summaryofmechanical.propertiesforthematerials
used.

Thetorsion
havi~ammimum

?ROCEDUKE

testswereallmadeinanAnelertorsiozxmachine,
canacityof1200lb-ft.Forti buttheultimate

strengthtest~,a 240-lb-ftcapacityrengewasused.Thecruciformand
I-sections,machinedfromsolidbars,weretestedbyinsertingtheun-
machinedendsofthespec2mensbetweenthe2JJ-inchwideby&inchlong
flatgripsofthemachine.l’ortheclamped-endtestsoftheextruded
sections,steeloreA&lincafillerplugsofthetypeshowninfi@e 13
wereboltedtothewebeerd.tketestingmachinegripsboredirectly
uponthese.Carewastaksntoseethattheflangesofthespecinmns
didnotproJectabovethefillerplugs.

Allepechmnsbutthoseofchsnnelsectionweretwistedaboutan
sxisthroughtheshearcenterg,whichwasthaaxisofleasttorsional
stiffness.Inthecruciform,I-,andZ.sectionetheshearcenterscoin-
cidedwiththecentersofgravityforthecrosssecticns.Inthecase
ofthechannelspecimens,however,thecomputedpositionoftheshear
center(seetableIV)wasako-it0.3inchoutsidethewebendtheopenihg
inthetesting~chineheadswasnotofsuchproportionsastopermit
twistingaboutthisshearcenter.Severalothe~-erbi%i=yaxesoftwist,——.—
wereused,however,asshowninfipyre15.

Thetwotypesoffillerp’lugsshowninfigure13weretriedinan
efforttodeterminswhetherornotabruptnessdnchangeofsectionat
theclampedendswouldhaveany~V$ceableeffectuponultimatetOWiOIld

3
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wereofsteel.
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short,square-en@plugswhichwereused.inmostcases,
Thetaperedplugswereofaluminum.

supportedendtestscftheextrudedsectionsweremade
inthemanne~sho~-~nfiguro1 uei~ a setofspecialadaptersde-
si~d.byMr.R.L.Templin(AluminumResearchLaboratoriesDrawi~No,
2225), Theendsofthespecimenswereinsertedthrough.aclose-
fittingo~eni~tietweenfourstripsof0.06Jt-inchhigh-stren@halumi-
numalloyflheet,mounted.90°apartasshoim,Sincetheonlyrestraint
againstlongitudinalwarpingoftheendcro88sectionswasthatrf3sult-
ingfromthetorsionkl,stlffnossoftheindividualsheetbtrips,a
conditionvery closely,approachingsimplysugyortedendswasobtained..
Noattemptwasmade~o’csrrymy testsofthistypetoultimatefailure.

Rotationswere&asure&bymeanB”oftiopt~eterE~Qd~te@~ 0050.
andreadablebyestimationtoO.1O. Gagelengthsvariedwi%hthelength
ofthespecimensandinnumerous-casesmorethanoneg~e lengthwasin-
vestigatedontheseineepecimontoillustratethenonuniformityoftwist
whenrestraintofcross-sectime.lwarpingwasinvolved, w

StrainsweremeasuredlymearMofEuggenber~ertensometers(t~eA, ““-
multiplicationratioapprox.1200)ueing~agelengthsof1/2and1 inch. “ .
Thelocationsofthesegagelen@lsme showninthefigures.Longitu&l-
nalstresseswereobtainedbymultiplyingtheunitstrainsbymoduliof
elasticityof’10,400,000psifortheX74S-Tspecimensand10,6OO,OOOpsi
forthe24S-Tspecimens.Diagonaltensileandconrpres~ivastresomson I
theCagelinssinclined45°totheaxesoftwistandsheari~stresses
normaltotheaxisdftwtstweredeterminedfromtherelation,

where

u diagonaltensileorcompressivestress,-psi

?’ shearingstressnormaltoaxiaoftwtat,psi

n Youngfsm6dulusofelasticity,psi,,
e average‘of“diagonal&nsileend.CompressivestrainB,inchperinch... .

P rOtSSOII%ratio(i/i)’

Ingeneral,noattemptwasmadetomeawres~ainsfortorquesex-
ceedingtheelastic”r-e ofthe~aterlal.Inordertoobtainmeamre-
mentsatallthepoints$:eairedwithj,ntheelastic?ran’geitwasneces-
sarytoreloadmostspecimensa numberoftimes,“:

l!
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J!I$I)DISCUSSION

Theresultsofthesetestshavebeenpresentedforthemostpartin
graphicalformastorque-twistandtorque-stressc~vesandstress-
distributiondiagrams..Wherever~ossible,computedvaluesoftwietand
stresshavebeenincludedforcomparison.Suchdataaswereobtainedon
torsionalyieldandultlmatestiengt~aresumarizedintablesV andVI#
alongwithval.uesofcomputedstressesandra.tiosofmcclmumapplied
torquestocomputedvaluescorrespondingtotheultimate’strengthsof-
materialindirectstress.or.shear,Thelattercompex’isonsemphasizehaw
greatlythestress patterdsdevelopedforsmallanglesoftwistmustbe
alteredwhenthesametypeoftorsionloadingsarecarriedtofailure.
Fi~ures6,13,and14showsnumberofspecimens.after.thecompletionof
thetests.

TableIIsummarizest& baeicformulasforshpletorsion-fid--
givesthevaluesof stiffnessfactorJ andstressfactorC computedfor
thetestsectionsbyseyer@.methods.Thatof~efqrence2,whichis
generallyconsideredleastacctiate’becauseItneglects“endeffects’!
forindividualrectangles,aswellasthe“junctionleffect”atinter-
sections,wasusedherebece.useofitssimplicityandbecayseitgave
computedvalueswhichweregenerallyinbestagreementwith’observed
behavior.ThedifferencesinJ valuesobtahedbyreferences2 and4,
thelatterbasedupona recentapplicationofthemembraneanalogy,
werenegligibleforthecruciformandmachinedI-eections,a factof
considerablepracticalimportancebecauseitshowstowhatextentthe
neglectofendandjunctioneffects,in’themethodofreference2maybe
Compensating,Fortheextrudedsectionsthedmerencesobtainedby

.. thetwomethodsweregreater,rangingfzmmabout9 percentforthe
chann61sandZ-sectionsto14percentfortheI-sectionq.Thef3e
largerdifferencesappeartobe,due,tosi@ificantjunctioneffects
neglectedbytheonemethodsincegenerousfillets.wereusedatthe
intersectionofthathinrectangles.Forlargersectionstheseef-
fectswillgenerallybelesspronounced..

TheJ valuescomputedbythemethodofreference3 areconsist-
entlyhi@erthanthoseobtainedbytheothertwomethodsandonthe
basisofthesetestsaretheleast’satisfactory.

ThestresscoefficientsC,givenintableII,areequaltothe
thichmssoftherectemgulerssctionsqndmaybeusedinequation(2)

4 to obtainh measureoftheshearingstressesthataredistributeduni~
formiyoverthe@eaterportionofthelongsides.Thecoefficients
Cl and C2 make”possible~ est’imateof’themeximumshearingstresses

w whichmay”bedeveloped
Thesecoefficientsare
and,ofcourse,cannot

. .

nearthejunctionofthecomponentrectangles.
baseduponapplicationsof,theumnbranemo~
readilybecheckedbydire,ct.stressmeasurements.

“5
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Stressesofth3.stypearesolocalized,moreover,thattheyhavezdmost
noInfluence..upcm-rmer-allyield_aharacteristilcs.

Tables111andIVsummarizetheformulasandcoefficientsused~
computinglongituditistre~se,s~d rotationsinthespecimenstnwhich
cz.’oss.sectio~w~Ing wasrestrained,Orinwhichangle6oftwistw%?%
lexge.Theirapplicationto,casesinvolvj~,restralntofwarpingnecessi-
tatedSOmeeetlmateaStowherec~lete resk~aintofws@ingmighthave
occurred.Itwasconcludedeft~rsomeso~iderationofmeasuredandc&
putedtwistsfordifferentassumedeffectivelengths,L,thatforthe “
extruded.sectionscompleterestiaintofwarpingmQht beassumedrbaaon-
ably,atthemidpointoftheg@ps (2,In.behindface).Forthemachined
I-sec}ion,thisactionwasar~itrmi~yassmd attheendOfthefillets
o.rslightlyover1 Inchfromtheendo~theu@formmachinedsection.

Detailedcczuperisonsofobservedandcomputedbehavioraregiven
inthe,followingparagraphs., ,.

,, ,,

A.CrwclformSectIon’ “ ‘ .

Figpre2 @ves theremil.tsoftheonlymeaqrement,smadeonthis
section.,.Lmgitudina,@res8es.intheendeoftherectqpgleswould
undoubtedly,havebeensign3fia@t,forlargeqngles’oftwist,butsuch

*

measurementswerenottaken.Measured&nglesoftwistwithintheelastic
rangewe~ about6 T6r,centgreaterthancompute”d,ukingJ valueabased
uponeitherthemethbdsofreference2 cmreference4..(*e’tableII.)
Thecorresyqxlingdifferencebapedon themetiodofreference3was
about17percent.

TableV indicatesthattheshearingstressesco@utqdforfirst
yleldln~wereinthevicinityof18,000psi,whichisa reasonable
valueforth,e’sheeringproportionallimitf“or24.S-Tbabhavingthe
proportlesindicatedintableI. Itisqtiteappareritfromthisresult,
however,thattheshearingstressesattlieinsidecornersofthesection
weresolocalizedastohavenoapp~clabl.eeffectuponfirst-yield
characteristics. ,. -.,., ..

Ultlmatefailureoccurredundera torqueof132Ib-ftb~”ashearing
andsplitting:fracturenew theendofthemagh@edlengthasshuwnin
figure6:.~is torqueI&sapproximately2:2times-thatc~utedby
equ&ion.{2)(Yable11)to:be~cesss&ytodevelopa stressequalto65.:
percentof,~etensilestrengthora,valueaccordingtoreference12that
cor~eqpondsc~osblytotheailt3mateshearingstrengthofthematerial.1
This.re6~tindica~sa coneiderahly”peatermarginof torsional
strengththanw?,~dbeexpe~~edwi~houtjanappreciablechangein,the:’‘
t~e ofactio~fromthatob$aineatiltiin’theelasticr~e. Itwas- ‘“--
showninreference1 thattheultimatetorsionalstren&hof-a3/4-by ‘

6
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3/4-inchrolled24S-Thar(seinelotofmaterielasusedfcrcruciford
sectionof’presenttests)was87-percentofthatccmqy,ztedonthee~sUmp-
tionofa unifcrmdistributioriofshearstressoverthecroessectioti
equaltotheshearingultimatectrengthofthematerial.Iti=of
intcru:ttopointout‘tinttheobsemedultimatetorque’forthec&uci-
formsection~as84percentofthatcomputedonthesamebasis,indicating
thepossibilityofextendingthisapproximatemethodofpre~ictingtitimate-
torsionalstrengthstootherthansinglerectangles. ;-

..

B.MachinedI-section -, -.

%horesultsofthisted arepresentedinfiguras3, h and5. In
additior~tca determinationM thetorque-twistcharacteristicsand
ultimatetorsioraist~ength,dataonshearingstrassesandonlongitudi-
nalstressesresultingfromrestraintofcros=-sectimalwarpi.agand
largeanglesof,twistareshown,

Within&e elwticrangemea~med.anglesoftwisboveran&inch
gagelen@hatthe’cent@ofthespecimenwerewithin1 percentofthose
computed’%yequation[1)’(tableII)usingJ valuesLasedonei+~er
reference!2orreferencek. ‘Theumaswedtwists.werbabmt 8 percent
grpater.th~thoseaom~utedaccordingtoreference3. JLcomparisonOf,iihe
torque-twistcurve~for8- and16-inuhgageIengthein~igure3 indicates
a sltght.;.diff~~’encein-twistasa reswltofrestraintofwarping.The
average.computadtwistkyequation(5)($abie11X),assumingcompletere-
straintof‘,:~fngattheendofthefillet(seesketih”lnfig%‘3)
.,waswithin1 -peru>atof:that.ccnpu%dbyequation(1)forwe 8-inchg~e

‘. lengthendonly6 percsnhleas,than.thatco?qwtedh:reqtition(~)‘fcrthe,-./.,
-16-inchgageiength. ,-,

..&thou@ reetralntofwerpinghadl??ttleeffectupcathe-aver-e”
measuredtwzstsShowngthecorrespondinglon@tudfnalstre~segw&e of:
si~fic~t _tude. Figure4 showsval_a4aashighas14OOOLPG”Ion

J“theedgefioftheflangesatsectiona-a.., 4Onsectiond-d;~ “iuQlies”
closertothecerhrofthe~ecimen,bowevor,thestresseswereless
than4000psi. Itwillbenotedthatthestressesontheinatdeedg~~of
theflangeswereconsistentlygreaterthanthoseontheoutsideedges;
whichisinaccordance,withthewarpingfactorsgivesintableIV-for
equation(3).Thevaluesofstress,computedhythislatterequationfor -
sectiona-aonthebasisofcom@eteres@atntofw~ing attheendof
thefilletwereconsiderablyhi@erthmmeaswed,”~thcmghsucha result
wasnotsurpri.si~”.inview~fthe,~~iablesectionatth6@@ ofthe
testlength.Atsectionc-c,on-theunifcmmps~tis:l.bf.”tieflpw-n,the
max- mmputed,Z.ongit.udiasiLGfiess“was6800psi,.a.@co@&redtomeeas-
ured.valuesoffrcm,6000to7300:p-sion”thefourin~lLeedged.

Figure~ showsa i&iberoftorque-stresscurvesforbothlo~itudlti

7’
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,

andshearingstresse&.Theaveragemeas&edshe~”atthecenterof‘thQ
webwasinquitesatisfactoryagreementwiththecompntedvalti’obtahed
byequation(2)(table11)usingC aidJ vaiuesfrommy ofthf3nothodsof

.

tableU. Theaverage..sheamatthe.centeroftheflangewereabout-n .
percentgreaterthanthatmeasu@ atthecenteroftheweb,whichisa
differenceontheorderof’thatindicatedbytheratioofthe C cnd %
valueeindicatedforreference4. Thedifferencebetweenwehandmaximum
flangestf%eseswasprobably@eat&rthanthesedataindicate,however,
becauseofthelimitationstmposmihythelengtheofthegagelengths
usedontheflanges,The.ratioofthe C cud Cl valuesgivenfor
reference3?iaybemoroindicativeofthostressconditionactually
obtained.

Firsta.pporontyieldingoccurred~mdbr.atorqueofapproximately
80lb-ftwhich,accordingtotableV, mrrespondstocomputedshearin8
Strosflesc:”theorderof18)000psi,orthesameasthoseindicatedf,or
yieULi~,of~hecrucifomnsection.Hereagain>theeffectofstromcon-
centrationsotifirst-yieldcharacteristicswasnotdiscernible.ThecQm-
putedlongitudinalstressshc~intableV forsectiona-~issuffioier@y
,belowthetens~loyieldstra@h oithemnterlaltoindicatotht’this
typoofactiondidnotcomtri.butttofimt yielding.Thisfacti$even
moreevldontwhenitisrcmltzrxlthatthemnxhmmZongitudinelstresses

.

measuredonsectiona-aworeonlyalout60percentofthosecomputed.

FailureoccurredinthemachinedI undera tarqueof638lb-ftbya a
combinationshearandtmmilefractureasshowninfi~ro6. Thistorque.
WdSE@proximately3.4timesthatcomputedasnecessarytodevelopan
titimateshearstrengthequalto65-percentofthetensilestrengthofthe
materialor4.4timesthatnecessarytodeveloplongitudinalstiesse~equal
totheultimatestrengthinteqai.on.Theseresultsemphasizetheinade-
quacyoftheordinarystress~ormulasforpredictingultimatetorslond.
strengths.ThemethodproposedInreference1 ofestlmati~strengvhs
forrectangularsectionsontheassumptionofa uniformdistributionof
shearstressequaltotheultimateshearstren@hofthematerialIsno%-
soapplicabletothisI-sectionaswasthecasewiththecruciformsection.
Theobservedmaximumtorquewasonlyabout6~,~ercentofthisconqw%ii
value;whereasforallothercaseswhorethemethodhasbeentried,tk
ratiowasabout85percent.Thecombinationoflongitudinalwithshcmr-
ingstressesapparentlydecreased.thetorque-carryingcapacityoverthat
whichmight%9expectedforshearalone.

Figure3 showstherelationobservedbetweentorqueandlongitudhld.
stiesseaatthecenterofthespeoimenasa resultoflare sm@.Gsof
twist.Althoughthestressesindicatedfora torqueof1!%lb-ft,or
28 percentoftilemextium,wereonlyabout600C)psi,itisevidentFrom
theshapeofth~torque-stresscurvethata ra~idincreasein stress
musthavebeenobtainedastorq,uesapproachedtheultimate.Camputed

.,
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longitudinal.stressesaocordidgtoequation(4)(tableUI)wrereccm-
siderablylessthanmeasured..Forane,veragetwistof30perin.,for
examp?.e,thecomputed.flangestressW-Hafoun~tobeabout3703psias
comparedtoabout6000psimeasunixi.Addi.timelstrainneasureaents,
givl~amorecompletepicturacfthestressdistribution,wouldproba-
blyllavebeenhelpfulinexplainingthisdiscrGp~cy.., ,,..

. . .
., C.’~trudedI-SeCtiori ,.

Specimensofthissectionweresub~ected.toa varietyoftestsin
W.ff’ereritlengthsandwithdiiiferentenficonditions.Althoughth6cros=
sectionalareawas‘about25percent~eaterthan.thak’ofthemachined.
I-section,thetor#iionalstiffnese,basedonJ valws,wasonlyabout
one-%hi~&as@eat. Consequen,ily,thainfluenceoflon@tudirla.1s’kress-
eswasmuchmorepronouncedthanintheeasepreViOUE!lYCmsidereae
Figures7 to12present“theresults.of thesetests.

., ..,’.
Thetorqqe-twistcurvesinfigure7, coveringori&a l@l.ted.portian

oftheelast~drange~indicatea mxil.inearrelationbetweentorqueand
twist,a behaviornotobmrvedinthei’or6Goh.gtests.Tnisactionmust
beattributedtial~lytotheinflueaoeofIongitudlrd.stresseqaccomp~.~
inglargeanglesof,Imiti.T&+departurefromlineaitywasgreatest,
itwillbenoted,IanthetestsinvolvingthegreatesttwIRts.’A second
fundamentaldifferenceinbehaviorwillbenotedinthatendcondition
hada s+i@if@aa’teffect.~y,on:an~tisoftwistandthat,th~.~lqttervari8d
notonlywithIerigth.of,spqcimenbut@-sowithg&geleQg$honS&TOne““.:
specimen.None,of.thesefaotorsweret3ignificant,inthetests,orthe
uakhl.nedcructiozm~ I+t3ect30ns.‘Anglesoftitistwerenota t%nctiori--
ofgagelength;andt% agreementbetweenoboerved.twists~d computed.
vslu~sbaseduponequation(1)andtheJ valuesforsimpletorsion

, (tableII)elf~fit~d:the,ne.dforcoqsiderim$10witUdhl&&streSQ~s=
..... . .-.... .... . .’ .-..””.‘,. %’ ccmp&fsob’between.measvredandcomputed.anglesoftwistfor
the simplysupportedendtegteshownInfigure7 isofinterestbecause
ofthematerial.?ifsfereacebetween%h.eJ valuesshownin.tableIIfor
thewxrfousmethodsof~,ccm.putation.Fora tc’rqusof20lb-ftt~ke
measured.twistona’10-inchgagelengthatthecenterwaspr&ct~cally”.
the.%measthatcomput+dusingtheJ mlti.eofre?erence2,-iThewas-
ured.twistsforthistorque”were25percentand15percentgreaterthan
computedbyreferences.,3.&cd~. Onthebasisofthis.observat?.o:@ J
valueofuefcn?ence2,waeused.in.all.subseq~emtpqmputat.ionq.o~_q~eapes
sndtwistsfortheextrudedI-sections.

.‘-‘,TheUfferanceu‘betweentha:anglesoftwis,tme%ure~for.gage:
lengthsA and,Bshoyninfigure.:7 indicatethate conditionof,sh@&
.bupported.ends,wasnotobtainedcomp3etiely.‘Thoilil?ferexmebetyew the
averagetwis%‘per.,i.nchOU,gage,length-B(lQ-in;gage).,smdga&,lengthA

“’9
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(30-in.g%e) wasabout5yercent,thetwfst
gagelengthwheretherewerenoappreciable

beinggreaterontheshorter
longitudinalstresses.

A comparisonoftheaveragemeasuredtwistsshowninfigure7
forthe 10-inchga&elengthsB,C,andD ona~proximately36-inchl~ng
specimenshavingsimplysupportedandclampedendsemphasizestheextent
towhichlongitudinalstrossosresultingfromres+maintofwarpingmay
influencetorsionalstiffness,Theadditionaleffectofvariationsin
lengthofspecimenwhererestraintofwarpingisinvolvedisindicated
bythemeasurementsongagelengthE.

Thecomputedtorque-twistrelationsshowninfigure7 forthe
clamped-endtestswere-obtainedby?neansofequation(5) (tableIII)
andthestiffnessfactors,~Tj givenintableIV. Theuseofthis
equationinvolvessomeassumptionastotheeffectivelength,L,be-
tweensectionsofcompletelyrestrainedwsrping.Af%r someCOU.lp=iSOllS
betweenobservedanglesoftwi~tandcomputedvalueefordifferentvalues
ofL,itwasdecidedthatcompleterestraintofwerpingtightreasonably
beassmed.atthemidpointofthetestingmachinegrips(2in.%ehind
face). Thenecessityforsuchanaesmptionveflectsinnowayuponthe
generalreliabilityofthepethodofcqpc?r.iionused:Intestsin
whichthesectfonofcompietere~traintofwarpinCisdefinitdyknown,
asinthetestsofreference5,ey.uation(~)hasbeenshowntogl~e
computedvaluesoftwistinGoodagreeraentwiththosemeasured.

Inviewofthegoodagreemeai;showninfi~re7 betweenmeasured
andcomputedtwistsfortheclaqed-endtests,itshouldheindicatedto
whatextentthisagreementwasduetothechoiceofsectionsofcomplete-
lyrestrainedwarping.Thefollowingcomputedrelationsbetweenaverage
umittwistand.effectivelengthofspecimenwereobtained:

Completerestraintofwarping Averagetwistfortxmqued?
assumedat 50lb-ft-(degperin.)

Gagelength--+ c D E

Faceofgrips 1.19 0.75 0.32

Midyolntofgrips(2in,behindface) 1.32 ●94 ● 50

Endofgrips(4in.behindface) 1.45 1.12 ,68

Figure8 skewsa comparisonbetweenmeasuredandco.myutedshearing
stressesatthecenterofsmeomuensofdifferentlew,thsandwith
dlfi’erentend
intheW.kply

conditicms.‘Thegreatestshearingst~essesweremeasured
supportedem#testsinwhic&longitudinal.stresseswere

10
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leastpronounced,Thsdistributionofshearacrossthewidthcfflamges
andwebtivesiigatedwasessentialj-ytheseineinallcases,howeve.r~a
peakstressbeingGbsa’vedintheflangesdirectlyovertheweb,with
‘destressesonallothergageLinesbei~gapproximatelythes-. ~
showninthefigure,thGseuniformlydistributedstreaseP,wereinreasow
abl?gooda@?eementwiththosecomputed.Itshouldheempkasize~that
thesecomputedshearizzs’izessesdonotcorrespondtothefui.2tce?queOf
50lb-ftappliedbutwerebasedononlythatportioncfthetcrquetit
wasre~istedbytorstonshear. Thesereducedto~queswereGow~~L@~in
thefollow-mazm.er.EquaUon(6)(table1~1)givestheunittwi&cat
thecenterofa specineainwhichcross-sectionalwarpingisrestrained
attheenrh.?%eratioofthistwisttothattitex?ninedbyequation”(l)
(table11)givesthepercsatageofftheappliedtorquecarriedbytmsim
shear.Taerena~nderiacarriedby tranxwerseshearintheflaes.
Forth clemped-endtestoi?the~6-inchlongspeclmenjthetorquecarried.
bytorsionsheeratthecenterwascompuhdtobe62 percentofthebti.-
Forthe16-inchlongciamyd-endspecimentkecorrespondhgvaluewas
26 percent.ThesereducBdtorqueswereused~nequation(2)(+ableII)
tocomputetheshea~ing@ressosinthewebs~ndflangesslxwminfigure
8. me inclusionofstressesreatitingfromtransverseshe= tithe -
fl~e~ wouldhaveIncreasedthecomputedvaluesbylessthan5 percent.

Anadditionaladjustmentekouldha,vo%eenmadeforthefactthat
longitudinalstressesrosulti~framlargeangleqoftwistg,lsoreduced
thetorqueaarriedbytomionshear.Thisreductionwoul&”aUtOmttoabout
15percentfbrthesimpiysupportedendtest,basedupontheratio~
meamredtoco~utedtwistsfora torqueOY50lb-ft,and7 percentfor
theclamped-endtestofthe36-inchlongspecimen.

Theshearingstressesshowninfigure8 forgageline3> W=UY
overtheweb,wereaboutSOpercentgreaterthantheaverageforthe-.
outstandingportionsoftheflemges.Theratioofmaximumtoaverage
stresswasprobablyconsiderablyhigher$correByond@~re neaz-lyto
the C and Cl factorsattrilnzted.tor~ference3 (tableII)thanto
thoseaccorti~toreferencek. u~+o~t~wtely,thes&aLnmeasurements
donotprovidea checkuponthereliabilityof“the~estressfactors. -

Figures9 and10presentdataonthelong~tudinalstresseninthe
extzz~dedI-sectionsfora torqueof50It-ft.‘Forthe36&inchlong
specimenteste~withshq$j.ysupportedemis,theistressesremil.ted
main3yfromlargeem”glesoftwfst.

..
Tneoutstatidingedgesofthe

fbmgeswereallstib~ectedtote.neionwkereasthegreaterPort~~nof~~
webwassubjecte~toccOzQression=Thedottediflnesconnectingtherueas-
uredpointsoatheflangesatvarioussections@o~ thelengthwerepat+
ternedafterthedistributionmeasuredatthecpnteroftheSpecmsnc
Thesummationofthel.on,gitudinaistressesona~ysectionshouldequal
zero,althoughyarti&tl@rpainswerenot&&en @ balancethetensile
andcomgmssiveB%ressareasofthediagram.

.—

U.
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ThecomputedstressesgivenintableV fortihe’estiuatedtorques
forfirstyleldiz~l.tiicatethaklo~ittlti~]~strees~~probablycau~ed.,
yieldingofthe6-inchlongspecimen;whereaSbothlo,ngitu~mualand
ahee,ringst.rasae~probablycontributedtoyj.eltinginthecaseofthe
&inch 10I@~eCim5nC}Sd.mvnintableVI,thoultimatetorques
werefarinexcessofthetor~~esc~uted todevelopthestren~thsof

8
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thematerialineithershearor terisiop, using the.basicstressformulas
showntobeapplicablewithintheelasticrange.,,,

Figures13 and14showthespecimensqfterteStstofailure.Longi-
tudinalstresseswereundoubtedlycarryingamuchgreaterpercentageof
theapplied.torqueatfailurethanwasthec-e inthee~l.ystagesof
thetests.Otherwise,len@hofspeed.mnwouldnothavehad&uapprecl-
.-ableinfluenceuponultimate@msbnalsA&ength.Thewebbuckling
evidentinthelongerspe~~nsapp~entlyres~ted~inlyfromtheCOIU+
pressiveforcessetupinthecent9rtobalancethetensionsintheex-
tremefibers,althoughsomeotheractionwouldalsoaype~necessaryto
accountforthetriangul=buoklepatternsobserved.Figure14showsa
longitudinalfractureofa flangedirectly avertheweb,$mUcativeof “
thetendencyoftheflangestdpullLuttiardthesxtsoftwist.

Itdoesnotappear~at”~patfcfl~si~ffic=ce can%eattached
tothevaluesofultimatetorqueoh@@@, Neitherisi,tpossibleto
drawanypertinentconclusionfromthedifferenceinres~tsobtained.
withthetwotypesoftillerpluginviewofthequestionastothe
effectivelengthofspectienwhenthetaperedplugswereused.Perhaps
themostinterestingpracticalresultisthedemoutration.ofthetou@-
nessandresistancetoplasticdefozznationswithoutfractureofthe
high-stiengthwroughtaluminumalloyused. ‘. .- —

,.
.,

D.ExtrudedChannelSection’

TestsofthissectionwerenotsoextenszveasdescribedfortheU-
trudedI-sectionsnd,becaueec$’thefactthatthes~ctionwasnottwisb
edaboutthetheorettcashearcenter,theresultswerenotsosuscept-
ibletoanaly~ls.

Themeasuredtwistsshowninf@uz*e17forthesimplysupported
endtestaveraged.about7 percentlessthanwhencomputedaccordingto
reference2,,whichisa greaterdifferencethq.uwasfo~d inthecorre>
spondi~testoftheextrudedI-section.@restraintofwarpingat
theendswouldbemoresignificantinthe”channeltest,however,because
oftheshorterlengthofspecimen.Lo~itudlnslstressesresultingfrom
Urrgeanglesoftwistwouldalsobee~ected,toresultinsomewhatgrea%
erstiffnessthanwhencomputedforsimplysupportedends.Despitethe
presenceofthesefactorsknowntodecreasetorsionalstiffness,the
measuredanglesoftwistrangedfrom3 to9 pez-centgreaterthanwhen
computedaccordingtoreferences3 endb.,

A ccwparisonofthetorque-twistcurvesinfigu%15 forthe
clemped.endtestsshowstheinfluenceofpositionofsxisoftwistupon
torsionelstiffness.Haditbeenpossibletoottaintwistaboutthe
shearcenteritseemsreasonabletobelievethata fairagreementwith
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thecomputedtwistshownwouldhave,beenobtained.Uaderthecond~@ons
oftestimposed,however,tor@ewasresistedbytransverseshears‘and
bendingmomentsasyellasbylo~iihi.lnalstressesresultingfromre-.
straintofwarpingandordinaryIm.wionshear.

Figure16 showsshrew-stressdistributiondiagramsinthewebs @
flangesforsimplyeqpportedanddamped,endsamlfortwistsabout
d.ifforen,taxes.Thedistributionforthesimplysuppwtedendtestwas
Inreasonablygood.agreementwiththatcomputed.Thestressyatterne
fortheclemped.endtestswereessentiallythesamealthoughthe
ma~itudes”dec!ceasedwith$ncre~singdistancebetweentheshearcenter
andtheaxisoftwist.ThiHdecreaseinol)servedtozsl~n-~hr>arstr~sa
wasconsistentwiththedecreased,anglesoftwistIndicatedIn figure 15.

Longitudinalstresses.sreshcmm”infigures17and17a.Thevalues
forthesimplysupportedendtest,whichshouldbetheresultmalnl.yof
largeanglsBofwistii-sh~a perplexingd@ribvtioninthatstresses
in theoutbtsndingtoeoftheflangeswerelessthanintheweb. This
resultiscontrary@ thatobservedfortheextrudedI-sectionsand
thatindicatedbyequation(4).Thedi.6tz*i~u$ionatthecenterofthe
specimenintheclamped-endtestoffigure17jhowever,appearsmm
reasonable.

A comparisonofthelongitudinalstressesfortheclamped-endtests
showninfigurel?aemphasizestowhatextenttheactionwasdependent
uponthelocationofthecenterof.twist.Thefartherthecenwrof
rotationwasmovedfromtheshearoenter,thegreatertheinfluenceof”
transverseshearsandbendingmomentsinresistingtheappliedtorques
andthesmallerthemeximumlongitudinalstresses.

Noneofthechannelsectionswastwisted.to,ultimatefailure.
!.

E.I!WtrudedZ-section

Figures18 to21.prqeenttheresultsofthesetest~.S cethe?specimensweretwist,edaboutanaxisthroughthe.sheercenter$comparisons
ofmeasuredandcomputedbehaviors@i~ tothosefortheex~udedI-
sectiontestshave%eenmade.

Aeshowninfigure18,therelationbetweenobservedanglesoftwist
andthosecomputedbyreference2wasesseqtiallytheseamforthesimply
suyportedendtestasthatshownfor.thechannelsectioninfigure15.
Someeffectsoflcmgitudin@,stresse~’~es~>~ing’fromJ.azzgeangles,Of
h~istSnd.restraintofwaxpirgwerqindicatpd,@i%e ,pati.~fnctrryagre~
mentbetweenmeasuredandcomputedtwistswasObtainedjntheclemped-ena
tests, ..,.

w

.

.
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Thesheastre&eesho&inf’igure19‘llkewiseindicatea“behavior. :.
closetothatcomputed.Thetorqueueedficoquting’thestressesfor
thecl~ed-end.testwas81 percentofthe$otal,a percentageobtained
bya compariso~ofvaluesof unit twist’deteminedb$equation(1) “
(tableII)sadequation(6) (tableI.II). ,4

Figures20an~~ showthedistrfb@ionoflongitudimlstresses
resultingbothfromlarge’anglesoftwistkndfromrestraintofwerpin&
Itisevident,that.someendrestraintwasobtainedintheslrrplysupporh
edendtest.Forclempedends,however,themeasuredstiessdistribtition
attheendswasintermediatebetweenthatco~uted,assumingcompleter-
etraintofwarpingatthefaceofthegxipqandatthemidpointofthe .
latter.Thedlsciwpancybetweenmeasured~d computedstressesattie
centerisdue“tdaffectqoflargeangleso.ftwist.T& maximumlongitu&;
ina.1stresses”re%l.tingfromthelattercausewerelagerin.theclq.e&
endtestthaninthesimplysupportedendtest.“The’conyyztedmaxilm.un“ .
tensilestressaccordingtoequation(4)(table111)wasabout7500psi
forthesi~~”supportedend”test;whereasthemeasuredvaluesaVerQ8ed.
Ody about“3@.0P8~. Thiscondderabledifference”betweenmeasuredand’ ‘
computedlongitu@xil.stressesresult-fromkrge en@es oftwist, .
alsonotedinthechanneltests,raisesa questionastothe@neral ~“
applicabilityoftiqua.tion(4] to unqmmetvicalsections.” ~ .,-,

..
Figure18showsthetorque-twistcurveobtainedintheulti_mz_@.

torquetestofa 36.inchlongspecimenwithclempedends.Utiortun&kly,”
twistmeasurementsworenotcontinueduntilyieldoccurred.Zheinfluence
Oflongitudinalstressesresultingfromlargeanglesof~st isplainly
evidentfromthenonlinearityofthetorque-twistcurve.Asshownin
tableVI,theultimatetorquec~ied wasfargreaterthanthatnecessazy
todeveloptheulthatestrengthsofthematerialintinsionoxshe=..
Figure14~huwstheZ-s,ection,pfterfailure(middlespecimenofgroup).

The
testsof
herein:

1.

,.

CONCLUSIONS”

followingconclusionssrebasedupontheresultsofthetorsion
noncirquler24S-TandX74S-Taluminumalloysectionsdescribed

Thebehaviorofflangedorcompositerectangularsectionsunder
torquescarriedtofailuyein~olvesthe-followfn~co-&dderations:

(a)Shearingstressesandtwistsnormallyassociatedwithtorsion

(b)Longitudinalstressesresultingfromrestraintofcross-section-
alWsrptng

~~

—
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(c)Trzinsverse&earandbendingstresses
aboutotherthantheshearcenter

resultingfromtwist

(d)Longitudinalstressesresultingfromtheunequalstraining
underlarge&nglesoftwistoffitersatdifferentdis-
tancesfromtheoenterofrotation

(e)Bucklingresistanceunderlongitudinalcompressivestresses

(f)Yieldandultimatestrengthsofthematerialintensionand
shear

2. Thefirsttwotypesofactionhavebeencovored,bytorsion
theory,andreasonableagreementbetweenmeasuredandcomputedb~~
havlormaybeobtainedinmostcasesforrelativelysmallnnglesof
twistwithintheelasticrange.

3. Twistaboutotherthantheshearcenterresultsintrans.
verseshearandbendingstressesinadditiontostressesoftypes(a)
and(b). Althoughmethodsofcomputingtype(c)stresseshavenot
beengivenhere,itshouldbenotedthattheireffectinthecaseof
thechanneltestsdescribedwastodecreaseanglesoftwistandvalues
oflongitudinalstress.

4. Lon@tudlnalstressesresultingf~omlargeanglesoftwist
mayapparentlybepredictedwithreasonable.accuracyforthinsymmet-
ricalsectionssuchastheextrudedI-sectiontested.Theapplica-
bilityoftheseinemethodtounsymmetrical.chemnelorZ-sections,or
tosectionsf’nwhichrelAtive~hightorsion-shearstressgsarex@- _
duced,however,hasnotbeenestablishedbythesetests.

!50Altho@ ultlmatetorsional strengthsofthincompositerec-
teagularsectionsmayinvolvebucklingresistanceunderlongitudinal
compressivestressesaswellastheultimatestrengthsOZthematerial
in’teneionandshear,thesefactorsdonotappearsusceptibletocom-
pleterationalanalysis.

~. Generalfomulasforcomputingshearingandlouitudinal
stressesand,correspondingangles-of
aresummarizedintablesIIandIII.
requires

(a)

(b)

(c)

evaluationofthefollowing

Torsionfactor,.’J

Shear-stresscoefficients,

Torsion-bendingfactor,%T

16

t~istwithintheel&tiGrange
Applicationoftheseformulas
sectionelements:
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(d) Unitwarpingfactor,u
.

7. Severalmethodsofcomputingvaluesof J forcrosssections
ccunposedofrectsm@.arareashavebee~proposed.(SeetableII.)
Themethodofreference2 (J=~1/3bt,whereb iblqngthand t,
thicknessofeachrectangle)ibthesimplestand,asfarastheangles
oftwistobservedinthesetestswereconcerned,providedthebestagree-
mentbetweenmeasuredandcomputedbehaviorforsimpletorsion.

8. ThevaluesofstresscoefficientC givenin tableIIgave
computedshearingstressesonthelongsidesofthecomponentrectangles
inreasonablygoodagreementwithmeasuredvalues.Itwasnotpossible,
however,tcobtainane~erimentalcheckonthecoefficientsCland C2
givenforestimatingshearingstressesatfilletsandatjunctionsof
Intersectingrect~es. Stressconcentrationsofthisnaturemaybe
significantfromAbestandpointoffatiguestrength,buttheyhadno
measurableeffectinthesetestsupontorsionalstiffnessorfirs%-
yieldcharacteristics,

9. Themeasuredlongitudinalstressesresultimgfromrestra~ntof
cross-secticnalw~ing intheextrudedI-andZ-sections,twisted
abouttheirshearcenters,wereinsatisfactoryagreementwithcomputed
valuesobtainedbythegeneralequationsoftable111andthevaluesof
~T and u givenintableIV. A similaragreementwouldprobably
havebeenobtained-forthechannelsectionsIftwistshadbeenp~oduced‘-
abouttheshe,~center. .....

10. Stressesandrotationsresultingfromrestraintofwerpingmay
bedifficulttoestimateindesignbecauseoftheuncertaintyregarding
thedegreeofrestraintlikelytobeobtained.‘Evenintestssuch as
thosedescribed,whereparticularpainsweretakentoobtaindefinite
endconditions,variationsfromidealized,simplysupportedandcomplete-
lyrestrainedendswereobserved.Figure10showsthatinthesimply
supporte~endtestoftheextrudedI-sectionthelongitudinalstresses
resultingfromrestraintofcross-sectionalwarpingwereonly4 percent,
ofthecorresyondhgvalues forthecl~ed-encLtest,indicatingtheef-
fectivenessofthespecialadaptershowninfigure1.

11, Firstover-allyieldingintorsiondependsupontherelative
Importanceofshearandlongitudinalstressesaudmaybeexpectedwhen
eitheror bothoftheset~esofstress,computedbythemethodsout-
linedandneglectingtheeffectofstressconcentrations,approachthe
yieldstrengthsofthematerial.

12. Theultimatetorsionalstrengthofthecruciformsection,in
whichshearingstresseswereofprimaryimportsmcethroughouttheentire
Loadr~e, wasabout85percentof‘thatcamputedassuminga uniform

17
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distributionofshesrstressatfailureequal’‘t6theultimateshear
strengthofthemat&ri@.(65percentoftensilestrength).Thisresult
wasinaccordwithreference1,describingultimatetorsiontestsof

.

singlesolid.rectangles.Theseine,approximate”?imthodofanalystswas
notapplicabletotheflangedsectionstested,.however,becauseofthe
pre%nceofsig@ficsntlo~itudinalstiessesfromthebeginnl~ofthe
tests. —,

.,

13.. ‘l?he,ultimatetorquesfortheflangedsectionsremgedfrom4.2
to7.3ttiesthosecomputedtodevelopthee$thated”shearstrengthsof
thematerialusingtheformula&applicableintheelasticrange.-The
correspondingratiosofobserved’tocom’$iirtedtorquesbasedonlongi-
tudinalstressesbqusltothetensilestrengthsofthematerial.ranged
ftiom.2.lto5.6?Theseresultsmidthe:apyetianceofthespeclmonseftw
failtie(showninfigs.6;13,and14)emphasizethedifficultyof’formu-
l~tingdefiniterties”fortheprediction”ofult@atetorsionalstrengths
offlangedsection&.‘ “

14. Thelargeanglesoftwistnecessarytoproducefailureindicate
thetoughnessofflangedsectionsofhighstrengtheluminum.alloysunder
torsionloadings. ,,

,,
15. ThemostObviousconclusiontobedrkwnfromthesetestswould

seemtobethatultimatestrengthsofthinflangedsectionsintorsion
seldomifeverwillbea ltiitingfactorinstructuraldes.lgn.

AluminumResearchLaboratories,“
AlumfnumCompanyof~erfca, .

NewKensington,Pe~., September14,1945.

.

,,
b



.XACA1’NNO.1097 ..

.

if

3-1

3.

4.

5*

6.

.

.

8.

93

10,

110

.
Elc●~2&*ea., 19kl,‘chap.VI. .- ‘

Roaz+s,RaynlGndJ.: YcnnulasforStiessaudS+>rcin.
BookCO., Inc., 1933s

Lyse,1.,,sndJ&nston}B,G.: StructuralBeam in
TrEGns.,VO1,101,1936.

.

M@raw-EiH

Torsion,A.S.C.E,

Hill.,3.N. : TomionofYlamgedlikztmrswithCrossSectionsIle-
etrainedAgainstWarptW.NACAT,TNO.888,l~ks,

Timoshenko,.S.: ThecwyofBmd.ing,Toi”flfona~~Zhmkli.ngofThia-
Wa.12edYsmhemofOpenCrossSectton.Jour.ofFranklininst.
?&rrch,Aprt12May>1945.

Seely,FredZ!.,Putnam,WilliamJ.,andSdumlbe,WilliamL.:
‘&eTorsionalI&?fectofT&nsverseBeadingLoads6nC.hannSl
Eeenw.Eng,Erp.S.ta,jBull.NO.211,Vtiv.of-111.,

Wagner,Herbert;TorsionandBucklhgof@en Sections.
807, 1936,

Wagner,II., and Fre%ckner,Ii,: TorsionendBuckling~of
NACATMNo.784,i936.

July1,1930.

NACATMXO.

OpenSectIons.

KaPpUS)Robert:TwistingFailuz”eofCentrallyImaded’OpenSection
ColuansintheZlaeticRange,NAC!ATMNo.851,19.38.

Gootier, J,X, : TorsionalandFlexurs.1BucklingofI&s ofThin-
WailedOpenSectionunderCo~re~siveaddBondingj.miis,JCE&-.
A&pl.lkch.,vol.9,no.3,Sept.1942,:

I
Mmove,R.L,: TorsioaalStrengthofAlmainuzu-AUoyRo’widTubing,

XACATNNa.879,i9h3.



to
o

,

.
I

, ,

TABLE L- lLECIUUWCALPROPERTIESOF MATERIAL

Yieldstrength Tensile Elongation
Form Alloy (set=0.2percent) strength in2in.

psi) ‘(psi) (percent)
Tension Compression

3/4-by3/4-in,
rolledbarfor
cruciformsection 24S-T 57,700 48,300 72,000 16.7

3/4-byIi-in.rolled
barformachined
1-section MS-T 46,000 39,800 66,800 21.1

Extrusion(DieNo.
K-9003)forI-and
channelsections X74S-T 69,503 67,9!30 75,900 17.9

Extrusion(DieNo.
K-9003)forZ-
section 24S-T 49,900 40,003 62,200 19.2 ~

‘ TensiontestsmadeinaccordancewithStandardMethodsofTensionTestingofMetallicMaterials(E8-4+$
ASTM BookofStandards,pt.I,1944.

-.



TABLE~.-COMPARISONOFVALUESOF”J

Formulae for simpletorsion:

NAOATNNO. 1097
ANDSHEAR-STRESSCOEFFICIENTSC F-ORTORSIONSPECIMENS .

e‘J%
where

e Mat, radians per in.

T torque, lb-in.

G modulusof elasticity in sheer, psi (%~~~ for X7*-T)
(4,000,00flfor 242-T)

J torsion factor, in.4

TC
T=—

1
where

T shear stress, psi

c stress coefficient

Test section

01

ETr
1-1/2N

1-
l/4110

p3/4#p-

J=’7=$

VALUE9OF J AND

J= zl/3bt91
C=t{reference2)

J =0.00288

C =0.1S8

J =0.0130

c =0.250

J =0.00406

C =0.125

J =0.00285

c =0.125

FORVJWZOUSMETEOI

Rnark

(reference 3)

J = 0.~9~

c =0,18s

J :0.0138

c =0.2E0

Cl= 0.296

J =0.00511

c =0.125

c1 =0.218

C2=0.265

J =0.00332

C =0.125

Cl= 0.185

C2=0.219

(1)

--(2)

OF COMPUTATION

Lyse and
Jobrston

(reference 4J

J =0.00291

C =0.18S

J =0.0129

c =0.250

c1 =0.275

J =0.00472

c =0.125

Cl= 0.172

J “=0.00314

c =0.126

c1 =0.155

lb, width, and t, thickness of individualrectangles

-..

—

.

—

:

.

.
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TABLE IL- FOFMULM FORCOMPUTINGUNWITUOINMJSTRESSESAND TWLST
IN NONCIRCDUR SEC1’1~~ZZ TORQUE

1. Strew remlt@frmn resiraM0fw2rping atende (refermce6):

ET Cblb:
a= ——

an swig

where

u im@zdhudstrew at seAOz a-i,pi

E RIU@IZMIIIIUC,~i(WLU~ f~X7%T)
(lo,eoo,m for w+)

x Wtsnceof sectiona-a fromcenter, iu

L m~~be-r=wdti,fn

rECBTa. —GJ wk Cm fcSivenlzMbIV

u urdtwE@ngfactOr,aisOgiw?lintablerv

S, Seccdary stree-sramltbs from large anslecd twict(refermca a:
3. TwistOfm&rinwh@wa@ng atezdsis”reaimhed (rcferc~e6):

.

[.=+s.,.]
where

~ w- Elrms, p3i ‘
e twist,radiansprh.

r distsncetrcznwater oftwiet,h

co ~it com~tim shah @cuiate#from ctit.lLzI w B= ~ 1~-
stcesscs 00 sag secticm
Forrzddned ~,,o=ocw’~(x’’.o)
For exmuled 1, SO . 0.6.!B2
Fsr extruded&smd and Z, to .0.iW2

I

Wbfue

* twistcdmdion a-a rela!ivetowm.t.er,radhe

[11e.z l-—
JG CosbA

Sn

I

(5)
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TABLEIV.- VALUESOF CBT ANDU FOR EQUATIONS3, 5, AND6 OF TABLEIII

.

Computedfor
Test section Genersll test sections

MscMnedI ExtrudedI

rl

b Ul=o o 0

*

u5 U2=0 o o’

T

.— _ U3 u3=+~-T &l.lsa

~=&!&y

, L_ .2U4

S2.2s1 -

L
~=kETbt S.188 -

tw
“1 ‘1

4T

II+&[qg+$]2CBT = z 0.00716—_ _, 0.236

tf

“’>b-i
Ul=o. o

F ,

r

~.– u~ i(e+%)”
~2=k~ KL499

!$ I

q+

I ~=~(b -e) WI.762
h ——.

L

Ie lq cBT=y (4-$) 0.0544
tw

] ‘f e. 3bAf-.—
Aw+ 6Af 0.36

%3

r

~b--j hb ~
U1.k~~

$

iO.272——
;/u3

L

~AfbU2=-&-(–+2A %) @.344
h ——

L
“ I ~wul u3=T*(l-#) To.917

——— .
tf c“=%-’%] 0.0774

I

lm-,.._.-.–---------- . %3.,.-...-...<. . . . J
LU&w.!Lruu LeLeruI1ueu, Lf=D”W1a:%!’~q:A ~=ll~:A=AW+8+lf.

2Secondterm is thicjmess fsctm included for machinedI-sectio~ neglected for extruded sections.

23
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Test section and
>cationof computed
shearing stresses

IF2

TABLEV.- DATAONFIR3TYIELDINGIN TORSION

Length]
(in.)

16

16

6

16

Torque
et first
rleldingz
(lb-ft.)

24

80

503

240

Average

(d~$r

1.5

1.05

L5

2.35

Corresponding 6heering stressee3
(W

teference 2

(1) 18,8CXI

(1) 18,400

(1) 14,800

(1 23,(XXI

Reference 3

(1) 16,800

(1) 17,400

(2) 20,600

(1) ll,m
(2) 20,503
(3)”24,W0

(1) 18,WI

(2) 32,030
(3) 38,~

teference 4

(1) 18,600

(1) 18,6W

(2) 20,503

(1) 12,700
(2) 17,503

(1) 19,830

(2) 27,400

Correspondiq
longttu‘wstress

(p@

38,6U0

(sec. a-a, fig. 4

85,0&

(Face of grips

93,5(X

(Face of grips

1Lengthofuniform sectionbetweenfilleh. or gripe.

2Estimated propmtionel limit on torque-twist curves (figs.2.,3,and12).

%omputed by equation(2), table II, UShIKJ ~d C veJ.uesshovm. For6-iILlengthof extruded
I-section, torsion-shear moment = 8 percent of total torque (equation(6), table ~). For 16-fn. length
of extrudedI-section, torsion-shear moment = 26 percent of MaL

%!.omputedby equation(3), table III, aeeumtig complete reetrtit ofw=p- at end of fillet of
machined I or at mld@nt of grips for extruded I.

24
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T-t section
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NACATN NO. 1097

TABLEVI.-DATAONULTIMATETORSIONALSTRENGTHS

Length]
(in.)

16

16

31/2

6

14lbi

16

36

36

Ultimate
torque
(lb-ft)

132

638

970

940

C650

644

564

371

Average
twist

(de:ew

107

P

7

16

13

15

10

10

1Length of uniform section betweenfillets or grip.

Avwrage
shortening

(fn.per in.)

0.062

.094,

.053

.031

.056

.047

.023

.021

Ratioofulthnate torque tocom-
puted torque corres~nding to
ultimate strength of material

Shearz

2.2’

3.4

7.3

7.1

4.9

4.8

4.2

4.8

Tenslon3

--------

a4.4

--------

bz.1

--------

.3.3

4.3

.

5,8

.

.

,

●

2CoU,p~tedtorqu~ for she= stress equal to 65 percent of t,ensileStrength, obmned by equation (2)~
tsble If, us~g values of J and C under method of reference 2.

3com~@d~wue~forlongitwn~ stress equal to tensile strength, obwed by eq~tion (3)~
table III.

aStress at section a-a, fig. 4. Complete restraint of warping assumed at end of machined length.

bStress at face of grips for all extruded I- and Z-sections. Complete restraint of warping assumed
at midpointof grips. “—

cAversge of two tests. .—

.
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Figure1.-Torsiontestof I sectionwithsimply-supportedends.
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N~c~TN No. 1097 Fig.2

80 1

70 ,,

Maximumtorque= 132lb-t%
Twistat failure= 107degreesperinch

60 Specimenhhortenedapproximately
1/16inchperinch

.

50- /
s

$ /Computed.--=/---
5
~“4o /
g / / “
h o
~ ,/

30

( f ‘ rl

3/4”

/
= =m

H

co &!-!e cm m m

20
f

+,, :

~9/321fo

~

10 .

x
Testsection

o- 1.0 2.0 3.0 4.0 5.0 6.0
Twist,degreesperinch(16-inchgage)

Figure2.-Toraue-twist’curveforcruciformsection,245-T.

.



~
m

I I I I I
.
m

..clampd m Centerlineof
/
/. I II I I I I I I I I I I

/ I
I
,

/
/
/
/

,,; h ~ “-~~~~

li4~

-,-- sP~iBeni --------
. Id

lj
‘. —__ _—— ———————— —. ———— —.———

%

1/4 “e

/.-——— —————— ———————— ———.——————— I 1/4

J 3iR I ‘. a-
ti

2
I-74-

/
-~fa~

b mlete reetraintof ruping
U euhedon *him neotion LOngitullml teusileat~eenin flanges Looationof Otrs.in

/
produoulby large auglenof twti gage lineB (l-inch)

EQ am — (averageof ~ ad @ at oenterof “
Spwimen)...%

‘\. .

/ +’

/ - / -

$ 40 ,
r

#~ /
/ “

~
/ ~

,Lh4p rt

/

;
~

/’ >. -hint (le-inohgage)

SW 320
I 1-

G4

I

~
1

b ‘ Ma7smum tordue = 6L49lb-ft4
/

( mint &t ftilure= 47 deareenPti id

m
J spedman aboztenmlapproximatelyV3a.

80 ~, r

/

inoh per inob

O l(?-inohg%
. 8-lnOhWe at Unt er

10,
/

@

/ * Effectof reatralntof wins
m dndnucslectd

I
zg

o o.a 0.4 0.6 0.8 1.0

{d

●

1.0
-lot, dowo,s pOr inOh

M

?rint, dqeae pnr id. 9$
am Strom, PSI :

Figure 3.- Toraue-triut and stress OUIWa for I-aectlon,WS-?.
g

.

1

il .,” . . .



●

.

.

Measuredlongitudinal stremes in flmges for toraue of 60 lb-ft
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maohinedfromrolled246-Tbar).
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